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Abstract
The motivation for quenching magnets during the sector
test is revisited and presently assumed quench limits re-
called. Which magnet(s) are planned to be used and the as-
sociated BLM layout and local aperture layout are detailed.
The required beam intensity/emittance/angle to reach the
quench limit in the coil is estimated and how this is to
be achieved by steering beam into aperture. The current
knowledge from simulations is reviewed. Requirements
from further simulations, extra instruments, controls, ap-
plications and logging are briefly enumerated.
MOTIVATION
Given the amount of stored energy of the LHC beam(s),
2 × 22 MJ at injection and 2 × 346 MJ at top energy, it is
apparent that a safe LHC operation is indispensable. There-
fore two main tasks consist in
• protecting magnets against quenches and
• protecting the whole machine against damage.
Here we will adhere to the first objective. Once safety is
ensured another main objective is desirable to achieve: op-
erational efficiency. Getting the LHC back to stable beam
conditions after an unexpected beam dump (e.g. as a con-
sequence of a magnet quench) might take several hours.
Likewise, an unnecessary forced beam dump causes also a
non-negligible downtime and accordingly we would like to
• minimize the number of quenches and
• minimize the number of unnecessary beam dumps.
This optimization problem can only be solved if
• we know the quench level
• we have the ability to detect if this level is being
reached.
There are several systems in the LHC to guarantee a safe
and efficient operation, but there is only one dedicated ac-
tive protection system which enables us to detect whether
the quench level is being reached or not: the Beam Loss
Monitor (BLM) system.
The BLMs detect losses outside the cryostat. If the
losses exceed a certain (yet to be determined) threshold a
beam dump signal is triggered and the machine is protected
against possible magnet quenches and further damage. In
order for this to work properly, the BLM system must be
calibrated in terms of the quench level.
Estimates of quench levels depend on the model used for
the calculation and this is equally valid for the simulation
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Figure 1: Why to do the quench test with beam: Estab-
lishing the correlation between BLM system and magnet
quench behavior.
of the BLM response. The associated uncertainties are not
easy to quantify. Therefore a dedicated magnet quench test
with beam is proposed which would allow to
• verify and/or establish the “real-life” quench levels,
• verify and/or establish the BLM response signal,
• establish the threshold values, which is equal to estab-
lishing the correlation between quench level and BLM
signal ≡ calibration.
All together this is to ensure a safe and efficient LHC
operation, which includes the start-up/comissioning phase,
hence increasing the operational efficiency and decreasing
downtime.
BEAM LOSS MONITOR (BLM) SYSTEM
The full description of the BLM system can be found
in [1, 2]. A look at the cold aperture limits at injection en-
ergy immediately shows the most likely locations of beam
losses and accordingly the most probable locations of mag-
net quenches. As a consequence the BLM layout has been
chosen in order to cover these regions. The cold aperture
limits at injection include:
• Triplet quadrupoles
• Dispersion suppressor quadrupoles
• Arc quadrupoles
• (Main dipoles)
Fig. 2 shows the ARC BLM layout at the main
quadrupoles. There are 6 BLMs per quadrupole location
mounted in the horizontal plane, which are indicated as
blue ( ) rectangles. The BLM signal shown is due to
point-like proton impact at different longitudinal positions
at an impact angle of 0.25 mrad. As can be seen, the
shower of secondary particles is typically larger than about
1 m.

























Figure 2: BLM layout and BLM signal depending on dif-
ferent impact positions. By courtesy of L.Ponce.
In order to get the beam loss monitor signal for a spe-
cific beam impact situation, these signals shown in Fig. 2
have to be convoluted with the longitudinal beam profile.
The exact loss pattern at a given location can be obtained
via particle tracking using e.g. MAD-X. This is subject to
further studies.
MAGNET QUENCH LEVELS
The expected quench levels that have also been used as
a basic reference in the LHC design report are summarized
in [3]. In the following we repeat only the most important
key points from this report.
The number of protons nq that is required to induce a





where ΔQc is the amount of energy or heat per unit volume
that will raise the temperature to its critical value Tc. The
energy density ε per proton has been obtained by CASIM
and FLUKA simulations and is being discerned into peak
and radial average, as well as local (per proton) and dis-
tributed (per proton/m) depositions.
For transient losses (where duration of loss δt  τmetal,
temperature decay time constant, see [3, Sec.4–5]) there is
no temperature equalization between the inner and outer
edge of the wire and in addition there is no heat transfer to
the helium. In this case the energy deposition is supposed
to occur in the most exposed cable and the critical amount
of heat ΔQc is given by the enthalpy reserve ΔHwire
ΔQc = ΔHwire and ε = εpeak . (2)
Depending on the loss pattern (local or distributed) the peak
energy deposition of one proton in the most exposed cable
εpeak has been estimated to be
εpeak, local = 3.8× 10−11 J·cm−3 ,
εpeak, dist. = 3.8× 10−11 J·m·cm−3 .
(3)
The enthalpy reserve of the SC wire at injection energy
of 450 GeV has been estimated to be
ΔHwire = 38 mJ·cm−3 . (4)
Using these numbers (Eqs. 3–4) gives us finally the quench




109 p locally ,
109 p/m distributed .
(5)
This is the proton density of an impacting beam that is re-
quired to cause a quench in the magnet coil. Already [3]
states that these numbers should be used with caution,
therefore we assume that Eq. 5 indicates the order of mag-
nitude, but does not provide accurate numbers.
There are ongoing studies and refined simulations done
in order to get more definite numbers for the quench levels
with beam [4, 5, 6]. Recent results are shown in Tab. 1,
where the interesting numbers for transient losses at injec-
tion energy are still preliminary results that need further
investigations. From these numbers however, we conclude
that the required proton density to cause a magnet quench
at injection energy in the case of fast losses is still in the
order of
nq,450 GeV,fast ≈ 109 p/m . (6)
MAGNET QUENCH TEST
The basic idea for this test is to steer the beam into a
super-conducting magnet and induce a quench.
The planning of the sector test currently foresees 36h
for performing the BLM calibration by quenching magnets
with beam. This time should be rather allocated towards
the end of the sector test, after all basic checks have been
completed successfully. It is apparent that such a test can
only be accomplished once that reliable, reproducible in-
jection and beam conditions have been established.
Concerning the BLM calibration, a minimum of
10 quenches shall the carried out. One part of the test could
consist in quenching the same magnet several times with
reproducible beam conditions. This would give some sta-
tistical meaning to base the BLM calibration upon.
The recovery time after a beam induced quench is subject
to ongoing debates and accordingly there is a wide spec-
trum of possible numbers. The assumptions range from
15 min − 5 h. For magnets powered at low currents we
adopt an optimistic–conservative approach and assume a
recovery time τrecover of
τrecover ≈ 2 h,
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Injection energy, low current Top energy, nominal current
Fast perturbation Slow perturbation Fast perturbation Slow perturbation
< 100µs > 100ms < 100µs > 100ms
MB Type-1 1.9 31.3 148.5 1.54 56.55
MB Type-2 1.9 29.2 141.2 1.45 56.41
MQ Type-3 1.9 29.5 150.7 4.24 70.53
MQM Type-7 1.9 30.3 127.8 1.51 49.97
MQM Type-7 4.5 28.2 47.6 2.41 9.87
MQY Type-5 4.5 28.4 48.5 2.89 12.15
MQY Type-6 4.5 32.1 57.8 3.80 15.31
MCB(H&V) Corr-1 1.9 23.2 23.2 4.20 / 7.23 13.39 / 16.78
MCBC(H&V) Corr-2 1.9 23.1 23.1 2.50 / 3.87 8.45 / 9.93
MCBC(H&V) Corr-2 4.5 21.6 21.6 4.65 13.41
MCBY(H&V) Corr-2 1.9 23.3 23.3 3.32 / 5.46 11.28 / 13.50
MCBY(H&V) Corr-2 4.5 21.5 21.5 4.29 12.56
MCBXH Corr-4 1.9 33.1 33.1 9.67 / 14.11 24.60 / 28.53
MCBXV Corr-4 1.9 33.2 33.2 10.42 26.10
MQT Corr-3 1.9 32.2 32.2 5.45 / 7.83 14.08 / 15.66
MQTLI Corr-3 1.9 32.2 32.2 5.45 / 7.83 14.08 / 15.66
MQTLH Corr-3 4.5 29.7 29.7 5.54 / 12.24 12.67 / 23.95
preliminary results [7]
but note that the actual recovery time for the different mag-
net types and cryogenic supply lines will be established
during the test!
Furthermore we presume that the SPS cycle time (in the
order of 15 − 20 s) which defines the injection repetition
rate, is sufficiently long to regard subsequent beam losses
separated by this time interval as being independent from
each other. Thus no accumulation (history) of beam losses




Here we list the necessary starting conditions for the
magnet quench test with beam:
• LHC sector set to LHC injection optics conditions
• Separation bumps off, crossing angle off, spectrome-
ter bump (LHCb) off
• Using a pilot beam, single bunch
• Stable, reproducible (’clean’) beam conditions
• Trajectory/orbit corrected to better than ±3 mm
• BLM data/logging available
• BPM data/logging working −→ Trajectory
• BCT (at end of TI8 and end of sector) −→ Intensity
• Wire scanners in the SPS −→ Emittance
• Well-commissioned scrapers in the SPS
• Stable beam conditions in injector-chain
• Quench protection system −→ Which magnet
quenched?
• Additional 16 BLMs (’mobile monitors’) can be tem-
porarily installed at each location of interest
Impact Angle
Steering the beam into the aperture via a 3-corrector-
bump is very straightforward at injection energy. A max-
imum magnet field in the dipole corrector magnet (type:
MCBH, MCBV) of Bmax = 2.93 T with a magnetic length






The achievable impact angle of the beam on the beam
screen and vacuum chamber however depends on the actual
magnet location and the corresponding corrector magnet
layout around it. Possible impact angles for some magnet
locations are given in Tab. 2.
The BPM specifications on resolution and alignment er-
rors are given in [1, 8]. To get an estimate of the accu-
racy of the impact angle during the test, we however take
a very conservative approach and assume a maximum un-
certainty of the orbit measurement of 1 mm. According to
Δx′ ≈ 1β sin μ ·Δx, and with β ≈ 100 m, μ = 90◦, we get
the rough estimate Δx′ ≈ 10−5 rad. This corresponds to a
maximum error of the angle of 1-5% for the arc locations.
To estimate the worst case we regard the quadrupole Q6
(left of IP8) where β = 16 m and the ”design” impact angle
is x′ = 0.35 mrad. Given a 1 mm uncertainty on the orbit
measurements this results in
Δx′/x′ = 30%. (7)
Intensity
The proposed single bunch intensity for the quench test
is the range
Nproton = (2) 5× 109 − 1× 1011 p. (8)
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A magnet will quench at a certain proton density impacting
on it. During the test we will therefore vary the intensity of
the beam in order to reach the expected quench level. We
would start with a single bunch at the pilot beam inten-
sity of 5× 109 p and then increase the intensity in steps of
∼20% until the quench occurs. In a first iteration the upper
limit for the intensity would be set at 5 × 1010 p, which is
well below the expected damage level of 2 × 1012 p [9].
The absolute maximum would be a single bunch intensity
of 1× 1011 p. The intensity can be reduced to a minimum
of 2 × 109 p if magnets quench already at the pilot bunch
intensity, however less is not possible due to sensitivity and
resolution restrictions of the LHC BPMs. In this case an al-
ternative is also to go to smaller impact angles and decrease
the proton density by that.
The intensity variation can either be achieved by
• requesting different intensities from the PS Booster or
• scraping the beam in the SPS.
The first solution has the advantage of getting a constant
emittance for different intensities, but comes with the draw-
back of being slow in the set-up. The second solution is ac-
complished more rapidly, however the emittance changes.
The absolute intensity resolution of the BCTs is 5% of
the pilot bunch intensity with a shot-to-shot fluctuation of
0.2-0.5%. The accuracy of the intensity determination is
therefore expected to be much better than 10%.
Emittance
The pilot bunch emittance for the sector test will be
1μm·rad, whereas the nominal pilot bunch emittance will be
3.5μm·rad. Both values are equally suited for the test, but
a lower value is preferred as it reduces the impact length
of the beam. In case we use scrapers in the SPS for the
intensity variation, the expected range for the normalized
transverse emittance is
εn = 0.5− 3.5μm·rad. (9)
We assume that the emittance measurement in the SPS is









Figure 3: Definition of the 1σ-impact length, given by the
impact angle α ≈ z′ and the 1σ beam size s = ±1σ.








ε · β + D2 · δ2
sin z′
z = x|y, (10)
where s = ±σ is the 1σ-beam size, α ≈ z′ is the im-
pact angle and ε, β,D, δ are the transverse emittance, the
β-function and dispersion function at the impact position
and the momentum spread respectively.
Table 2: Impact lengths l for two different magnet types.






16 0.1 0.35 0.5 10−3 1 1.08
16 0.1 0.35 0.5 10−3 3.5 1.97
16 0.1 0.35 1.5 10−3 1 1.35
16 0.1 0.35 1.5 10−3 3.5 2.13
MB MB.C12R7.B2:
135 1.65 1.23 0.5 10−3 1 1.60
135 1.65 1.23 0.5 10−3 3.5 2.10
135 1.65 1.23 1.5 10−3 1 4.12
135 1.65 1.23 1.5 10−3 3.5 4.34
Tab. 2 shows some impact lengths depending on the
magnet location and beam parameters. The length is
mostly dominated by the impact angle, although momen-
tum spread can also have a significant effect. The depen-
dance on changes in emittance or β-function are less influ-
ential. What is important for this test is the fact, that we can
achieve very local impact with an impact length of∼ 1 m.
To estimate the error on the impact length, we assume
that the emittance measurement is known with a resolution
of 30% and the momentum spread and the optics functions
to be known with an accuracy of 20%. Together with an
uncertainty on the impact angle of 30% this gives us an
uncertainty of the impact length (see Eq. 10) of
Δl/l = 35%. (11)
Test Procedure
Set optics (3-bump)
Vary intensity 5x10 9 - max. 1x10 11
+logging all relevant data (BPM, BLM, BCT, wire scanner, ...)
Magnet quench
Figure 4: Quench test
The test proce-
dure is summarized
in Fig. 4 and in
Fig. 5. The idea is
to set the optics to
steer the beam into
the magnet and then
only vary one parameter which is the intensity. This relies
on only marginal fluctuations of the other beam and op-
tics conditions form shot-to-shot. Recording of the relevant
beam parameters and optics parameters allow in the end
to determine the impact length l and the impact position,
which define the proton density (protons/m) nq = I/l that
caused the magnet to quench, where I is the bunch inten-
sity. A rough estimate on the accuracy that can be obtained
on this number, assumes 10% uncertainty on the intensity
and the 35% uncertainty on the impact length from (11),
Δnq/nq = 36.5%. (12)
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MQM 4.5 28.2 @ 0.1ms MQM(L).6L8.B2
quadrupole Q6
• low quench level
• aperture limit at injection
• ”standalone” magnet
• separate powering and cooling
MQTL 4.5 29.7 @ 0.1ms MQTLH.x6R7
quadruploe Q6
• low quench level
• strongly requested by collimation team
• ”standalone” magnet
• separate powering and cooling
• Test at nominal current!
MQ 1.9 29.5 @ 0.1ms Main arc quadrupoles • low quench level• aperture limit at injection
MB 1.9 31.3 @ 0.1ms Arc dipoles
• cover large fraction of the machine
• cold aperture at injection limited in the arcs
(quadrupoles + dipoles)
Further candidates
MQY 4.5 32.1 @ 0.1ms Q4 low quench level
MQM/L 1.9 30.3 @ 0.1ms Q7/8/9/10 low quench level
MQT 1.9 32.2 @ 0.1ms Tuning quads low quench level
MCBX 1.9 33.1 @ 0.1ms low quench level
MCBY 1.9 33.2 @ 0.1ms low quench level
MCBH,
MCBV 1.9 23.2 @ 0.1ms Orbit correctors
• low quench level
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Figure 5: What we want to learn from the quench test.
MAGNET QUENCH TEST: WHICH
MAGNETS?
One of the important questions for this test is: Which
magnets are we going to use? As already described, one
specific magnet could be quenched more than once under
reproducible conditions, therewith attaining a good BLM
calibration. Additionally such a test can provide infor-
mation on the quench behavior of different magnet types.
Finally, some magnet locations are better than others in
terms of optics (corrector magnets nearby), cooling (sep-
arate cryogenic supply) and powering (separate circuit).
Tab. 3 gives a preliminary list of magnet candidates to-
gether with some rationales why these types are of interest.
Q6
It should be noted that no
quench attempt will be made at
any location before or near IP8, be-
cause of the requirement of keep-
ing irradiation and activation at the
lowest possible limit in the LHCb
area.
As can be seen from Tab. 3, the
magnet MQTLH (Q6) right of IR7
offers interesting features. In par-
ticular it is the last magnet be-
fore the temporary beam dump and
therefore can be tested and ramped
to nominal current without any im-
plications on the optics.
The figure to the left shows a
possible 3-bump to test the quench
behavior of the Q6 left of IP8
(MQML.6L8.B2).
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CONCLUSIONS & FOLLOW-UP
We propose a well-defined and controlled magnet
quench test with beam to establish
• the absolute quench levels,
• the BLM threshold values,
• knowledge of the relation between loss pattern,
quench level and BLM signal.
This test is essential for an early calibration of the BLM
system and in fact is an integral part of the commissioning
of the BLM system. Furthermore it is a very good test-run
for the quench protection system and the related machine
protection systems.
To fully profit from this measurement the optics solu-
tions to steer the beam into the magnets should be refined
further and GEANT/FLUKA simulations should be car-
ried out using the beam loss patterns from these particu-
lar optics and layout of the impact situations during the
quench test. A successful test will considerably improve
our knowledge on the quench behavior of different magnet
types as required for reliable simulations.
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